Systemic hypotensive effects of testosterone are androgen structurespecific and neuronal nitric oxide synthase-dependent. Am J Physiol Regul Integr Comp Physiol 309: R189 -R195, 2015. First published May 6, 2015 doi:10.1152/ajpregu.00110.2015 and other androgens exert a direct vasorelaxing action on the vasculature in vitro that is structurally specific and independent of cytosolic androgen receptor (AR). The effects of intravenous androgen infusions on mean arterial blood pressure (BP) and heart rate (HR) were determined in conscious, unrestrained, chronically catheterized, ganglionically blocked (hexamethonium, HEX; 30 mg/kg ip) male Sprague-Dawley (SD) and testicular-feminized male (Tfm; AR-deficient) rats, 16 -20 wk of age. BP and HR were recorded at baseline and with increasing doses of androgens (0.375-6.00 mol·kg Ϫ1 · min Ϫ1 iv; 10 min/dose). Data are expressed as means Ϯ SE (n ϭ 5-8 rats/group). In SD rats, baseline BP and HR averaged 103 Ϯ 4 mmHg and 353 Ϯ 12 beats/min (bpm). TES produced a dosedependent reduction in BP to a low of 87 Ϯ 4 mmHg (⌬16%), while HR was unchanged (354 Ϯ 14 bpm). Neither BP (109 Ϯ 3 mmHg) nor HR (395 Ϯ 13 bpm) were altered by vehicle (10% EtOH in 0.9% saline; 0.15 ml·kg Ϫ1 ·min Ϫ1 , iv). In Tfm, TES produced a similar reduction in BP (99 Ϯ 3 to 86 Ϯ 3 mmHg, ⌬13%); HR was unchanged (369 Ϯ 18 bpm). In SD, 5␤-dihydrotestosterone (genomically inactive metabolite) produced a greater reduction in BP than TES (102 Ϯ 2 to 79 Ϯ 2 mmHg, ⌬23%); HR was unchanged (361 Ϯ 9). A 20-g iv bolus of sodium nitroprusside in both SD and Tfm rats reduced BP 30 -40 mmHg, while HR was unchanged, confirming blockade by HEX. Pretreatment of SD rats with neuronal nitric oxide synthase (nNOS) inhibitor (S-methyl-thiocitrulline, SMTC; 20 g·kg Ϫ1 ·min Ϫ1 ϫ 30 min) abolished the hypotensive effects of TES infusion on BP (104 Ϯ 2 vs. 101 Ϯ 2 mmHg) and HR (326 Ϯ 11 vs. 324 Ϯ 8 bpm). These data suggest the systemic hypotensive effect of TES and other androgens involves a direct vasodilatory action on the peripheral vasculature which, like the effect observed in isolated arteries, is structurally specific and AR-independent, and involves activation of nNOS. 5␤-DHT; testosterone; vasodilation; neuronal NOS; blood pressure THE WELL-ESTABLISHED CLINICAL observations that hypertension and coronary artery disease occur more frequently in men than in premenopausal women (13, 14, 15, 16, 18, 22, 51) have led to the dogmatic concept that testosterone (TES) has deleterious effects on the heart and vasculature and exacerbates the development of cardiovascular disease (CVD) in males (10, 21, 36) . However, more recent clinical and epidemiological studies on the role of TES in CVD are at best controversial, and in-depth reviews and analyses of the role of androgens in CVD reveal that there is little sound evidence from either animal or human studies that TES, or other androgens, shorten men's lives (18, 51). Further, available human studies reveal both acute and chronic beneficial effects of TES on CVD (18, 51). Indeed, there is increasing evidence that TES replacement therapy in aging hypogonadal men significantly improves cardiovascular and metabolic functions, including a reduction in diastolic blood pressure (9, 19) . Further, serum TES levels are reduced in both hypertensive men and women (11, 15, 34, 44) .
THE WELL-ESTABLISHED CLINICAL observations that hypertension and coronary artery disease occur more frequently in men than in premenopausal women (13, 14, 15, 16, 18, 22, 51) have led to the dogmatic concept that testosterone (TES) has deleterious effects on the heart and vasculature and exacerbates the development of cardiovascular disease (CVD) in males (10, 21, 36) . However, more recent clinical and epidemiological studies on the role of TES in CVD are at best controversial, and in-depth reviews and analyses of the role of androgens in CVD reveal that there is little sound evidence from either animal or human studies that TES, or other androgens, shorten men's lives (18, 51) . Further, available human studies reveal both acute and chronic beneficial effects of TES on CVD (18, 51) . Indeed, there is increasing evidence that TES replacement therapy in aging hypogonadal men significantly improves cardiovascular and metabolic functions, including a reduction in diastolic blood pressure (9, 19) . Further, serum TES levels are reduced in both hypertensive men and women (11, 15, 34, 44) .
In parallel, accumulating evidence from recent animal studies, using isolated blood vessels in vitro, suggests that TES and other androgen metabolites exert beneficial effects by inducing relaxation of vascular smooth muscle (VSM) through rapid, nongenomic mechanisms (for recent reviews, see Refs. 26 and 31) . Although this acute effect of TES and other androgens has been observed at micromolar concentrations in several large arteries (e.g., aorta, coronary, and umbilical arteries) from a variety of species, more recent studies have reported relaxation of smaller resistance arteries at nanomolar (physiological) concentrations (for recent reviews, see Refs. 26 and 31) . The key mechanism underlying this effect of TES on VSM appears to be activation of voltage-operated (K v ) and calcium-dependent K ϩ channels (BK Ca ) via TES-induced activation of neuronal nitric oxide synthase (nNOS) and/or inactivation of L-type voltage-operated Ca 2ϩ channels (Ref. 31) . Studies employing TES analogs and metabolites reveal that androgeninduced vasorelaxation is a structurally specific, nongenomic effect, with efficacies and potencies fundamentally different from those for the genomic effects of androgens on reproductive targets (7, 29, 31, 33, 53) .
Although the mechanism of TES-induced vasorelaxation has been established in vitro, little is known about the acute systemic vascular effects of androgens in vivo. Thus, in the present investigation, the acute effects of intravenous androgen infusions, and of nNOS inhibition, on arterial blood pressure (BP), and systemic hemodynamics were determined in conscious male Sprague-Dawley (SD) and testicular-feminized male [androgen receptor (AR)-deficient; Tfm] rats. The hypothesis tested was that TES exerts a systemic hypotensive effect on BP by activation of a direct, nNOS-dependent mechanism. The results reveal that TES and other androgens exert systemic hypotensive effects on BP that appear to involve a direct, nongenomic vasodilatory action on the peripheral vasculature which, like the effect observed in isolated arteries in vitro, is structurally specific, AR-independent, and nNOSdependent.
MATERIALS AND METHODS

Animals
Age-matched (16 -20-wk old) male SD rats [428 Ϯ 8.4 g body wt (n ϭ 26); Harlan, Houston, TX] and testicular-feminized male rats [Tfm; 403 Ϯ 19.7 g (n ϭ 7), bred in-house] were used in all studies. The Tfm rat exhibits an X-linked, recessive defect in AR function in affected males (40, 43, 52) , similar to the human testicular feminization syndrome. Although genotypically male (XY), these rats develop phenotypically as female and, thus, serve as a natural "knockout" model to study AR-mediated effects on vascular function (5, 42) . Several studies on the acute vascular effects of TES reported very similar vasorelaxing effects in female, as well as male blood vessels in vitro (5, 53) and in vivo (3) . In the present study, the first to examine the hypotensive effects of TES on systemic BP in vivo, it was important to focus on the vascular mechanism of action of TES in males (where the mechanisms are likely to be the most clear-cut), and pursue other related issues such as male vs. female differences in the acute effects of TES in subsequent studies.
The rats were housed in vivarium facilities at the Texas A&M University (TAMU) Laboratory Animal Resources and Research facility with controlled temperature (22-26°C), relative humidity (ϳ50%), and lighting (12:12-h light-dark cycle). The animals were housed in pairs in standard plastic laboratory rat cages, and tap water and an alfalfa-and soy oil-free laboratory rat chow (Harlan Tek-Lad, Indianapolis, IN) were provided ad libitum. This diet is free of phytoestrogens, which are often present in commonly used laboratory rat chows (38, 39) and have been reported to confound studies on sex differences in vascular function (17) . All experiments were reviewed and approved by the TAMU Institutional Animal Care and Use Committee.
Animal Surgical Preparation
Under isoflurane inhalation anesthesia, rats were implanted with chronic, indwelling intravascular catheters in the left carotid artery and left jugular vein (0.033 in OD ϫ 0.014 in ID Microrenathane tubing, Braintree Scientific, Braintree, MA), exteriorized at the neck. Following the surgery, the animals were given 15,000 U procaine penicillin G (prophylactic antibiotic) and 2.5 mg/kg flunixin (analgesic) and were fitted with polyester cloth vests with Velcro closures that surrounded the chest and neck to protect the catheters. The rats were allowed 5 to 7 days of recovery. Food and water consumption was monitored, and maintenance of a stable body weight was required before being used in any experimentation.
Blood Pressure and Heart Rate Recording
Before and after surgery, the animals were trained to lie in small, opaque Plexiglas boxes (17.5 cm long ϫ 7.0 cm wide ϫ 7.5 cm high) that allowed them freedom to move backward and forward, but restricted turning and up and down movement. A lengthwise slot along the top of the boxes allowed free movement of the arterial and venous catheters. On the day of the experiment, rats were allowed to acclimate to the boxes in a quiet laboratory for at least 30 min before the experiment was initiated and baseline BP and heart rate (HR) were recorded. BP and HR were recorded from the carotid artery catheter by a Statham p23ID transducer (Statham, Oxnard, CA) connected to a PowerLab Data Acquisition System (PowerLab, Colorado Springs, CO), and the data were analyzed using Lab Chart Software (PowerLab) on an Apple Macintosh Computer (Apple, Cupertino, CA).
Experimental Protocols
Dose-response effects of androgens on systemic hemodynamics. At the beginning of the experiment, conscious male SD or Tfm rats were given hexamethonium bromide (HEX; 30 mg/kg ip) to produce an autonomic ganglionic blockade, and then acclimated in the Plexiglas restraining box for 30 min to achieve stable hemodynamic conditions. After on-line recording of baseline BP and HR for 5 min, rats received five successive 10-min infusions of TES (0.375-6.00 mol·kg Ϫ1 · min Ϫ1 iv) or vehicle (10% EtOH in 0.9% NaCl) via the jugular catheter at 0.15 ml·kg Ϫ1 ·min Ϫ1 . BP and HR were recorded continuously via the carotid artery catheter and were averaged over the final minute of each 10-min infusion period to determine the BP and HR response to each dose of TES. Rats were given supplemental doses of HEX (15 mg/kg iv) every 20 min to ensure continued ganglionic blockade. After the final TES infusion, rats were given a bolus injection of sodium nitroprusside (SNP; 20 g/kg iv), and BP and HR were monitored for 1 min to evaluate efficacy of the ganglionic blockade.
Additional dose-response experiments were performed using 5␤-dihydrotestosterone (5␤-DHT; 0.375-6.00 mol·kg Ϫ1 ·min Ϫ1 iv), a genomically inactive metabolite of TES and the stereoisomer of 5␣-DHT, the genomically active metabolite of TES in reproductive tissues (31) . Identical ganglionic blockade, 10-min infusion periods, BP and HR recording, and ganglionic blockade verification with SNP were used.
Effects of nNOS inhibition on TES-induced systemic hemodynamics.
To determine the role of nNOS in the hypotensive effects of TES, male SD rats were prepared for study as above, including ganglionic blockade with HEX, and baseline BP and HR were recorded for 5 min. Then, the animals were pretreated with an infusion of the nNOS-selective inhibitor S-methyl-thiocitrulline (SMTC) (20 g·kg Ϫ1 ·min Ϫ1 iv) for 30 min (1), and new baseline BP and HR were recorded for 5 min. Following the post-SMTC baseline recording, an identical series of TES infusions and BP and HR recording were performed, as above, with the continued infusion of SMTC.
Chemical Reagents and Drugs
The following drugs and reagents were used: TES (17␤-hydroxy-4-androsten-3-one) and 5␤-DHT (17␤-hydroxy-5␤-androstan-3-one; Steraloids, Newport, RI), sodium nitroprusside (Hospira, Lake Forest, IL), hexamethonium bromide (Sigma Chemical; St. Louis, MO), and s-methyl-thiocitrulline (Cayman Chemical, Ann Arbor, MI). Working dilutions of androgens were prepared daily from 10-mM stock solutions of TES and 5␤-DHT, dissolved in 50% EtOH, and stored at 4°C. SNP was diluted daily from pharmaceutical stock solution, and working solutions of HEX and SMTC were prepared fresh daily from powdered stock.
Data Analysis
All data are expressed as means Ϯ SE; n indicates the number of animals studied. Baseline mean arterial BP and HR values were obtained by averaging 5-min recordings at the beginning of each experiment, prior to experimental intervention. BP and HR responses to androgens were obtained by averaging recordings of the final minute of each 10-min androgen infusion period. In preliminary experiments, it was determined that BP and HR responses to androgen infusions exhibited clear plateaus during that time. The dose of TES or 5␤-DHT that produced 50% of the maximal BP response (EC50) was calculated individually from the log dose-response curve for each animal, and these values are reported as the means Ϯ SE for each experimental group. Dose-response curves for BP and HR for each group (e.g., TES and 5␤-DHT) were analyzed by one-way ANOVA with repeated measures. For mean BP data, ANOVA tests were followed by Dunnett's modification of the t-test for post hoc detection of significant differences between any two means of the data groups (e.g., TES vs. vehicle, TES vs. 5␤-DHT, TES [Sprague-Dawley] vs. TES [Tfm] ). Paired comparisons were made by paired t-test (e.g., baseline BP or HR in control vs. HEX or HR in pre-SNP vs. post-SNP). Differences between any two means were accepted as significant if P Ͻ 0.05.
RESULTS
Dose-Response Effects of Androgens on Systemic Hemodynamics
In preliminary experiments, infusions of TES failed to consistently alter BP in male SD rats, although significant variability in both BP and HR were observed during the 50-min infusion period. It was suspected that baroreflex-mediated changes in sympathetic outflow could be masking the vasodilatory effects of TES widely observed in vitro. Pretreatment of rats with HEX resulted in small, but significant, reductions in both BP (113 Ϯ 2.7 vs. 104 Ϯ 3.8 mmHg; P ϭ 0.045) and HR [391 Ϯ 12.1 vs. 353 Ϯ 14.2 beats per min (bpm); P ϭ 0.0290] and eliminated the observed variability in BP and HR. Thus, pretreatment with HEX resulted in progressive and significant (P ϭ 0.0009), dose-dependent reductions in BP in response to TES, from 103 Ϯ 4.3 mmHg at baseline to 87 Ϯ 3.9 mmHg at the highest dose of TES (Fig. 1) , while HR remained nearly constant and did not vary significantly from baseline (353 Ϯ 12.4 bpm) over the course of the experiment (P ϭ 0.9994; Fig.  2 ). In contrast, in vehicle-control rats, neither BP (109 Ϯ 3.1 mmHg; P ϭ 0.893; Fig. 1 ) nor HR (395 Ϯ 13.2 bpm; P ϭ 0.971; Fig. 2 ) varied significantly from baseline over the course of the infusion experiments.
In HEX-pretreated Tfm rats, infusions of TES resulted in significant (P ϭ 0.0178), dose-dependent reductions in BP, qualitatively and quantitatively similar to those observed in SD male rats. BP declined from 99 Ϯ 2.8 mmHg at baseline to 86 Ϯ 2.6 mmHg at the highest dose of TES (Fig. 3) , while HR remained nearly constant and did not vary significantly from baseline (369 Ϯ 17.8 bpm) over the course of the experiment (P ϭ 0.9676; data not shown). BP responses to TES did not differ significantly between Tfm and SD male rats at baseline or at any dose of TES (P Ͼ 0.05). Neither the maximal BP response (86 Ϯ 2.6 vs. 87 Ϯ 3.6 mmHg; P ϭ 0.4138) nor the potency (EC 50 ) of TES infusions (0.73 Ϯ 0.11 mol·kg Ϫ1 ·min Ϫ1 vs. 1.06 Ϯ 0.14 mol·kg Ϫ1 ·min Ϫ1 ; P ϭ 0.2780) differed significantly in Tfm vs. SD male rats, respectively.
Following infusions of TES in both SD male and Tfm rats, bolus injections of SNP were given to confirm the efficacy of ganglionic blockade. SNP produced rapid, short-lived reductions in BP of ϳ40 -50 mmHg; however, HR did not change significantly from pre-SNP HR in either SD male rats (337 Ϯ 8.8 vs. 351 Ϯ 11.6 bpm; P ϭ 0.1646) or Tfm rats (375 Ϯ 26.7 vs. 395 Ϯ 22.5 bpm; P ϭ 0.2847).
In HEX-pretreated SD male rats, infusions of the 5␤-reduced metabolite of TES, 5␤-DHT, resulted in significant (P ϭ 0.0001), dose-dependent reductions in BP, qualitatively similar, but quantitatively greater, than those observed with TES, ; n ϭ 5 rats). Data points are means Ϯ SE. MAP differed significantly with dose of TES (P ϭ 0.0009) but not in VEHICLE (P ϭ 0.893). *0.0005 Յ P Յ 0.047 TES vs. VEHICLE MAP at each dose. ). Data points are means Ϯ SE. MAP differed significantly with a dose of TES in both Tfm (P ϭ 0.018) and SD (P ϭ 0.0009) rats. Effects of TES on MAP did not differ between SD and Tfm rats at all doses (0.054 Յ P Յ 0.486).
from 102 Ϯ 1.6 mmHg at baseline to 79 Ϯ 1.7 mmHg at the highest dose of 5␤-DHT (Fig. 4) . HR remained nearly constant and did not vary significantly from baseline (361 Ϯ 8.9 bpm) over the course of the experiment (P ϭ 0.9222; data not shown). BP responses differed significantly between 5␤-DHT and TES at all doses (0.0084 Յ P Յ 0.0350; Fig. 4 ). The maximal BP response differed significantly (P ϭ 0.0395) between 5␤-DHT (79 Ϯ 1.7 mmHg) and TES (87 Ϯ 3.6 mmHg), while the potency (EC 50 ) was nearly identical (P ϭ 0.2780) for 5␤-DHT (0.98 Ϯ 0.17 mol·kg Ϫ1 ·min
Ϫ1
) and TES (1.06 Ϯ 0.14 mol·kg Ϫ1 ·min Ϫ1 ).
Effects of nNOS Inhibition on TES-Induced Systemic Hemodynamics
Pretreatment of male SD rats with SMTC (30-min infusion) increased baseline BP from 90 Ϯ 3.3 mmHg to 104 Ϯ 2.2 mmHg (P ϭ 0.0018) and eliminated the dose-dependent hypotensive effects of TES infusion (Fig. 5) . During TES infusion, BP exhibited some slight oscillations over time (approximately Ϯ 5-8 mmHg) but neither BP (P ϭ 0.0930) nor HR (P ϭ 0.3657) varied significantly during TES infusion in the presence of SMTC. BP in TES-infused rats (control) differed from that of SMTC ϩ TES-infused rats at all but the lowest dose of TES (0.0059 Յ P Յ 0.0357; Fig. 5 ).
DISCUSSION
In the present investigation, the systemic vascular effects of intravenous infusions of androgens on BP and HR were determined in male SD and Tfm rats. The results reveal that TES and its 5␤-reduced metabolite, 5␤-DHT, exert a systemic hypotensive effect, which appears to involve a direct vasodilatory action on the peripheral vasculature, and like the vasorelaxing effect observed in isolated arteries in vitro, is structurally specific and AR-independent, and involves activation of nNOS.
Dose-Response Effects of Androgens on Systemic Hemodynamics
In the presence of autonomic ganglionic blockade, TES exerted a dose-dependent systemic hypotensive effect in both SD and Tfm rats. Interestingly, the genomically inactive TES metabolite, 5␤-DHT, produced a greater hypotensive effect, which strongly suggests that TES and other androgens exert systemic hypotensive effects that involve a direct, nongenomic vasodilatory action on the peripheral vasculature. These effects, like those observed in a variety of arterial vessels in vitro, are structurally specific and AR-independent. The abundance of previous in vitro studies of TES-induced vasorelaxation (6, 26, 31, 46, 47, 49, 50) , together with more limited in vivo studies of TES-induced regional vasodilation (3, 23, 48) , provides clear and consistent support for the idea that the hypotensive effects of TES on systemic BP observed in vivo in the present study result from a systemic vasodilatory action, which is nongenomic and independent of the AR.
In the present study, it should be noted that preliminary experiments with intravenous infusions of TES failed to consistently alter BP in male SD rats. The significant variability in BP and HR observed during TES infusions suggested that baroreflex-mediated changes in sympathetic outflow to the heart and vasculature could be masking systemic vasodilatory effects of TES, if they were present. Indeed, pretreatment with the ganglionic blocker, HEX, eliminated this variability in BP and HR in response to TES, resulting in a clear dose-dependent hypotensive effect, with virtually no changes in HR. Pretreatment of rats with HEX (supplemented during the experiment) resulted in significant reductions in baseline BP and HR. Although the depressor effects of HEX on baseline BP and HR in the present study were relatively small compared with those reported in previous studies (25, 27) , the rats were trained extensively prior to the experiments and were well acclimated to the restraining boxes. Thus, the rats were quite relaxed and quiet during the TES infusion experiments, and ). Data points are means Ϯ SE. MAP differed significantly with a dose of 5␤-DHT (P ϭ 0.0001) and a dose of TES (P ϭ 0.0009). Effects of 5␤-DHT on MAP were greater than TES at all doses (*0.0084 Յ P Յ 0.0395). resting sympathetic tone was likely low in these animals; the relatively low initial BP and HR recorded prior to HEX administration support this suggestion and likely explain the relatively small effect of HEX on baseline BP and HR. The intravenous administration of SNP at the end of each experiment transiently lowered BP by 40 -50 mmHg but failed to reflexively increase HR, verifying the efficacy of autonomic blockade by HEX in these experiments.
Although numerous studies have clearly established the rapid, nongenomic vasorelaxing effects of TES and other androgens in vitro, the evidence for TES producing coronary or systemic vasodilation in vivo at physiological concentrations (100 pM to 100 nM; Ref. 31) is rare. Indeed, intra-arterial infusion of TES produces coronary vasodilation in anesthetized dogs (3), pigs (23) , and humans (48), and regional vasodilation of mesenteric, renal, and skeletal muscle vascular beds in anesthetized pigs (23) . All of these studies used intra-arterial infusions of TES that were estimated to produce physiological plasma concentrations, and most resulted in strikingly similar levels of vasodilation (8 -15%). Interestingly, the intravenous infusions of TES in conscious SD rats in the present study reduced BP by a maximum of 16%, strikingly similar and fully consistent with the local vasodilatory action of TES in previous studies. The results of the present study extend those findings and are the first to establish that TES and other androgens can exert hypotensive effects on systemic BP through a direct systemic vasodilatory action in vivo, consistent with their vasorelaxing effects observed in isolated arteries in vitro.
The Tfm rat exhibits an x-linked, recessive defect in AR function in affected males (40, 43, 52) . Although these animals synthesize adequate, indeed higher than normal, amounts of TES compared with normal male SD rats, the inability of reproductive target tissues to respond to this hormone results in the development of a female phenotype in the reproductive tract and in overall morphology. Some of the TES in these animals is aromatized to estradiol, so that plasma levels of both TES and estradiol are elevated in the Tfm rat (42) . Similarly, the absence of a functional AR in these animals results in clear differences in vascular reactivity and endothelial function compared with normal male SD rats (42) , but similar to the changes in vascular function observed in castrated male SD rats (41) . Infusion of TES in HEX-pretreated Tfm rats in the present study produced a dose-dependent systemic hypotension nearly identical to that observed in normal male SD rats. These findings are consistent with those of previous studies in the rat aorta, which revealed identical vasorelaxing effects of TES in both SD and Tfm rats (5), clearly eliminating a role for the AR receptor and genomic mechanisms in the vasorelaxing action of androgens in vitro.
Since TES and estradiol share the same biosynthetic pathway, it has been suggested that TES-induced vasorelaxation in vitro or vasodilation in vivo might be an indirect effect mediated by the local conversion of TES to 17␤-estradiol by vascular P-450 aromatase. However, this possibility has been excluded by extensive in vitro and in vivo evidence that 1) inhibition of P-450 aromatase does not prevent TES-induced vasorelaxation; 2) estrogen receptor antagonism does not alter vasorelaxing effects of TES; and 3) nonaromatizable metabolites of TES (e.g., DHT) cause vasorelaxation (for review, see Ref. 31 ). Therefore, it seems likely that the systemic hypotensive effect of TES observed in vivo in the present study results from the direct vasodilatory effect of TES on the peripheral vasculature, although an indirect vasodilatory effect of TES by aromatization to estradiol cannot be categorically excluded.
In the present study, infusion of the genomically inactive TES metabolite, 5␤-DHT, produced dose-dependent reductions in BP in male SD rats, qualitatively similar in nature, but quantitatively greater than those observed with TES. The hypotensive effects of 5␤-DHT were consistently greater than those of TES, although the potency of the two androgens was quite similar. These findings are entirely consistent with previous in vitro studies of the rat aorta, as well as the human umbilical artery and myometrium, which all reported that 5␤-DHT exhibits significantly greater efficacy and/or potency than TES in the relaxation of both vascular and uterine smooth muscle (29 -32) . It is interesting to note that the bioconversion of TES into 5␤-DHT results in a dramatic change in its molecular structure: The A ring bends 90°relative to the steroid nucleus when the C 5 hydrogen is ␤/cis-oriented (see structural conformations in Fig. 6 ). These findings are of particular interest for two reasons. First, they reveal that androgeninduced vasorelaxation is a structurally specific, AR-independent nongenomic effect of the androgen molecule, with efficacies and potencies fundamentally different from those for the genomic effects of androgens in reproductive tissues. Second, these findings indicate that the structure-function relationship of the acute vascular action of androgens is consistent in both isolated arteries in vitro (7, 33, 53) and intact animals in vivo.
Effects of nNOS Inhibition on TES-Induced Systemic Hemodynamics
In the present study, pretreatment of male SD rats with the nNOS-selective inhibitor SMTC eliminated the dose-dependent hypotensive effects of TES infusions, suggesting that these effects are nNOS-dependent. These findings are fully consistent with earlier in vivo studies employing nonselective NOS inhibitors in canine and porcine coronary arteries, and in porcine regional systemic arteries (3, 23) and in vitro studies in Fig. 6 . The three-dimensional conformation of the androgen molecules: ⌬4,3-keto structure (TES; top) and the 5␤/cis-conformation of the 5␤-reduced metabolite, 5␤-DHT (bottom). These molecular conformations reveal that minor changes in the orientation of C5 in the A-ring of the steroid nucleus can result in major changes in the potency and efficacy of nongenomic vascular effects of the androgen molecule (e.g., TES vs. 5␤-DHT; see text for details).
rat aorta (5) that identified a role for NO in the vasodilatory effects of TES, and more recent preliminary in vitro studies (49, 50) that suggested a role for nNOS in the vasodilatory action of TES in the microvasculature at low physiological concentrations (1-100 nM). Although the findings of the SMTC experiments clearly suggest involvement of nNOS in TES-induced vasodilation, they do not fully preclude a possible role of endothelial nitric oxide synthase (eNOS), because the dose of SMTC employed is sufficient to at least partially inhibit eNOS (K i ϳ11 nM), as well as nNOS (K i ϳ1 nM). Given that the kidney is also a key regulator of BP, an abundant source of nNOS, and sensitive to the effects of HEX, a role of the kidney in the systemic hypotensive effects of TES also cannot be excluded in the present study.
Physiological Relevance of the Systemic Hypotensive Effects of Androgens
That TES-induced vasodilation does occur at physiological concentrations in both in vitro and in vivo human and animal models strongly suggests a physiological role for TES and other androgens in cardiovascular regulation; indeed, there are several lines of evidence from human clinical studies that support this concept. First, strong inverse relationships exist between serum TES and diastolic and/or systolic BP in elderly normotensive and hypertensive men (9); second, TES replacement therapy in aging, hypogonadal men reduces diastolic BP (19) ; third, serum levels of TES are reduced in both hypertensive men and women, compared with their normotensive counterparts (11, 15, 44) ; fourth, serum concentrations of TES and its components decline as adult men age, and are consistently lower in men with CVD (as reviewed in Refs. 18, 51); and finally, TES replacement therapy in middle-aged hypogonadal men not only reduces diastolic BP, but also improves body composition and serum lipid profiles (19, 20) . Despite these suggestive findings, a recent meta-analysis of clinical trials involving TES therapy in adult men failed to detect any significant effects of TES on mortality, prostate, or cardiovascular outcomes (8) . Nevertheless, the endogenous TES metabolite 5␤-DHT, which is genomically inactive at both the AR and estrogen receptors, is a potent and efficacious vasodilator. Interestingly, tissue levels of 5␤-reductase, the enzyme that catalyzes the conversion of TES to 5␤-DHT, are significantly lower in patients with essential hypertension compared with their normotensive controls (12) . This suggests that 5␤-DHT may play an important role in the regulation of BP by reducing vascular tone, as consistently observed in previous animal studies in vitro (24, 28, 29) and in the present study in vivo. Finally, 5␤-DHT, which is produced in the materno-fetoplacental unit (2) , is a potent and efficacious dilator of the human umbilical artery (29) . Thus, 5␤-DHT may play a role in the maintenance of fetoplacental blood flow, which is an important rate-limiting factor for normal fetal growth. It is possible then, that an insufficiency of 5␤-DHT and other androgens produced by the materno-fetoplacental unit and/or impaired responsiveness to these hormones, could contribute, at least in part, to the development of preeclampsia/eclampsia, and that exogenous 5␤-DHT may be therapeutic in the treatment of gestational hypertension. In conclusion, the results of the present study suggest that androgen deficiencies in both males and females may be responsible, at least in part, for various forms of hypertension, and that in the future, androgen replacement therapy may be employed to treat or prevent hypertension.
Perspectives and Significance
The present study is the first to establish that TES, and its genomically inactive metabolite, 5␤-DHT, produce significant hypotensive effects on the systemic vasculature in conscious male SD rats. These effects of the androgens appear to involve a direct vasodilatory action on the peripheral vasculature, which is androgen structure-specific and AR-independent and which appears to be nNOS-dependent. These acute vascular actions of the androgens may play physiologically relevant roles in cardiovascular health and disease. Androgen replacement therapy with vasoselective androgens such as 5␤-DHT, which exert little or no effect on the AR, may be an emerging therapeutic option for the treatment of vascular dysfunctions, such as hypertension in aging men or preeclampsia in pregnant women. Indeed, the development of selective AR modulators may allow for the selective treatment of CVD, while avoiding androgenic side effects in the clinical applications of androgen therapy. 
